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(Received 7 October 2005; published 10 April 2006)0031-9007=Confinement of water by pore geometry to a one-dimensional file of molecules interacting with the pore
alters the diffusion coefficient DW . Here we report an exponential dependence of DW on the number of
water positions in the pore. The result is based on measurements of single channel water permeabilities of
structurally similar peptidic nanopores of different length. The inconsistency with predictions from
continuum or kinetic models indicates that pore occupancy is reduced in single file transport. In longer
pores (e.g., in aquaporins) the presence of charged residues increases DW .
DOI: 10.1103/PhysRevLett.96.148101 PACS numbers: 87.15.Vv, 82.80.Fk, 83.50.Ha, 87.16.DgSelectivity of membrane channels is, in part, achieved
by size exclusion. In the limiting case, pores are so narrow
that water molecules and ions cannot pass each other. They
accommodate a one-dimensional file of molecules that due
to interactions with the pore clearly differs in its physical
characteristics from bulk water. Similarly, confined water
can be found, e.g., in reactive centers or in the binding
pocket of receptors. Molecular dynamics simulations have
revealed a broad spectrum of water mobilities in confined
pores. Depending on pore geometry, reduced water mobil-
ity has been reported [1], as well as immobilized water [2]
or drastically enhanced water mobility [3,4].
In the following, we will use the diffusion coefficient
DW to characterize the mobility of water molecules. In a
pore that contains n water molecules, DW is n times larger
than the solvent diffusion coefficient of the enclosed water
chain [5]. DW is assumed to be independent of channel
length, L. Rather, DW reflects the influence of the protein
channel on water mobility; i.e., it is the average diffusivity
a water molecule would have if it were the only molecule in
the pore. DW can be predicted from reaction rate theory,
assuming that the pore consists of a series of binding sites,
N [6]. Experimentally, DW can be derived from the hy-
draulic single channel permeability coefficient, pf [7]:
pf  wDWnL2 ; (1)
where W is the molar volume of a water molecule.
Assuming that the water density in the pore is the same
as in bulk, i.e., n  N, L  2Nr, and w  3=4r3, DW





where r is the channel radius.
Inconsistencies of this simple theory have been recog-
nized long ago. According to Eq. (2), the pf values of
single and double length nystatin channels are expected to06=96(14)=148101(4)$23.00 14810differ by a factor of 2. In contrast, permeabilities of 10
1014 cm3=s and 1:5 1014 cm3=s, respectively, have
been found [8]. An analysis of known water permeabilities
of other narrow channels suggests that generally, shorter
channels tend to have a higher pf [9]. The highest pf of
4:8 1012 cm3 s1 was measured for the bacterial potas-
sium channel from Streptomyces lividans (KcsA) [10].
Assuming that the resistance to water flow is caused mainly
by the selectivity filter (n  4, r  0:15 nm), it translates
into a DW of 1:2 103 cm2 s1. In contrast, the fourfold
longer water channel protein (nodulin-26, n  18:3) offers
a pf of 0:3 1014 cm3 s1 [11], which corresponds to a
DW of 3:7 106 cm2 s1. Thus, DW inside a cylindrical
pore may change a thousandfold, while the pore geometry
remains essentially unchanged.
Unfortunately, the comparison of structurally very dif-
ferent channels does not allow attributing the dramatic
increase of DW by over 1 order of magnitude above bulk
mobility solely to L. Other factors, e.g., channel hydro-
phobicity, may have contributed as well.
To investigate the impact of L on DW , we now have
explored peptidic nanopores which differ only in L. The
known pf of gramicidin-A (gA) is compared to pf of
minigramicidin (MNg) [12] and midigramicidin (MDg)
[13]. To conserve the head-to-head conformation of gA
dimers [14] in the shorter peptides, we have linked the
monomers by a succinyl group [Fig. 1(a)]. MNg is four
amino acids shorter than MDg that, in turn, differs by four
amino acids from the gA dimer [12,13]. For all peptidic
nanopores used, N was determined from atomistic molecu-
lar dynamics simulations as the average number of mole-
cules interacting solely with other water molecules in the
channel direction (Table I). MDg and MNg offered, re-
spectively, just one or two water positions less than gA
[Fig. 1(b)].
The electrical single channel conductivities, g, of MNg
and MDg in our thin solvent free membranes were moni-
tored (Fig. 2) as they are known to be a function of bilayer1-1 © 2006 The American Physical Society
FIG. 2. Single channel recordings of (a) MNg and (b) MDg in
lipid bilayers containing equal amounts of dimyristoyl-
phosphatidylcholine (Sigma, Dreisenhofen, Germany) and E.
coli lipid extract (Avanti Polar Lipids, Alabaster, AL). The
bilayers were folded from monolayers in a 150 m diameter
aperture of a polytetrafluoroethylene septum separating two
aqueous phases [33]. The sampling frequency of the patch-clamp
amplifier EPC-9 (HEKA Electronics, Germany) was fixed at
0.5 kHz and a 4 pole Bessel with 3 dB corner frequency of
0.1 kHz was chosen as the recording filter. The buffer (pH 7:0)
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FIG. 1 (color online). (a) Structural formula of midigramici-
din (MDg) and minigramicidin (MNg) (TBDPS 
tertButyldiphyenylsilyl). (b) Molecular dynamics simulations
of gramicidin-A (gA), MDg, and MNg (from left to right). As
starting structures for the simulations the experimental structures
with protein database entries 1MAG [27] and 1TKQ [13] were
taken for gA and MDg, respectively. In MDg the N termini of gA
and of a shorter peptide chain were covalently linked. The
shorter chain resulted from the reduction of the pentadecapeptide
sequence of gA to 11 residues. The structure of MNg was
modeled by replication of the shorter chain of MDg. All mo-
lecular dynamics simulations were performed as described be-
fore [28] except that now we employed the optimized potentials
for liquid simulations/all atoms [29] force field. Briefly, we used
the GROMACS [30] software to simulate gA and derivatives
embedded in an explicit Dimyristoylphosphatidylcholine mem-
brane solvated in TIP4P water [31] at a constant temperature of
300 K and a pressure of 1 atm. Particle-mesh Ewald [32] was
used to compute long range electrostatics. Simulation times
amounted to 100 ns.
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number, m, of channels was inserted into the bilayer. m
was assumed to be equal to the total membrane conduc-
tivity, G, divided by g. To determine G, a 1 kHz square
wave input voltage was applied to the membrane and theTABLE I. The number of water positions, N, in the pores was deri
osmotic single pore water permeability, pf, was determined by scan




14810amplified output signal was visualized by a digital
oscilloscope.
Water flow though the peptide channels was measured
by imposing an osmotic gradient across reconstituted pla-
nar bilayers and detecting the resulting small changes in
ionic concentration close to the membrane surface [15,16].
With increasing peptide concentrations, more and more
Ca2 accumulated in the membrane vicinity, indicating
an increase in water flow (Fig. 3). To derive pf the in-
cremental water permeability induced by the peptidic
channels, Pf;c was plotted as a function of G (Fig. 4):ved from molecular dynamics simulations (compare Fig. 1). The
ning electrochemical microscopy (compare Figs. 3 and 4).
























FIG. 4. Electrical (a) and hydraulic (b) single channel conduc-
tances. (a) The single channel currents were determined from the
histograms of current traces and plotted against the applied volt-
age. Therefore, the TAC software (Bruxton Corporation, Seattle,
WA) was used with a Gaussian filter of 37 Hz. (b) Total mem-
brane water permeability, Pf, as a function of integral electrical
membrane conductivity, G. Pf was calculated by fitting concen-
tration profiles (Fig. 3) to Cx  Cs expPfCosmVwx=D
bx3=3D, where Cs, x, b, Vw, and D are, respectively, the solute
concentration at the interface, the distance to the membrane, the
stirring parameter, the molecular volume of water, and the bulk
solute diffusion coefficient [34]. The transmembrane osmotic
gradient, Cosm, has been obtained correcting the bulk urea
concentration for dilution in the immediate membrane vicinity
[35]. The data for gA were taken from [15]. They were obtained
in 1 mM NaCl (in 1 mM KCl the slope would have been even













FIG. 3 (color online). Retention of Ca2 in the membrane
vicinity (hypoosmotic compartment) during steady state osmotic
water flow induced by 1 M urea. The changes in concentration
were monitored as a function of the distance to the membrane by
Ca2 sensitive microelectrodes. Their tips (1–2 m in diameter)
were filled with Calcium Ionophore I Cocktail A (Fluka, Buchs,
Switzerland). Stepwise movement of the electrodes relative to
the membrane was realized by a hydraulic step drive (Narishige,
Japan). The increase of MNg and MDg concentrations (from
bottom to top) resulted in an increasing water flux and, thus, in
an increasing concentration polarization. Except for 100 mM
cholinchloride and 1 mM KCl the buffer was as in Fig. 2.
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where A is the area of the membrane surface. For MDg and
MNg, the slopes of the current voltage dependence in
100 mM KCl indicated that g was equal to 9.3 and
12.7 pS, respectively [Fig. 4(a)]. Correction of g for
1 mM KCl [17] resulted in 0.2 and 0.27 pS, respectively.
The respective pf were 2:2 1013 cm3=s and 0:56
1013 cm3=s as calculated from the slope of the regression
lines [Fig. 4(b)]. Both values were 16-fold and fourfold
higher than the pf of 1:6 1014 cm3 s1 found for gA
[15].
The huge increase in pf indicated that DW differed from
pore to pore. Equation (2) allowed calculation of DW . It
depended exponentially on N (Fig. 5). In the light of the
classical continuous description [7] or kinetic formalisms
[18] this result was counterintuitive since in gA, the con-
tributions of all microscopic effects (like binding reac-
tions) to DW were assumed to be minor in comparison to
the access resistance [7,19].
If, however, ‘‘liquid-vapor’’ oscillations are hypothe-
sized to occur, the rapid reduction of DW with L emerges
as a result of the partially hydrophobic character of the
channel. Water transport occurs in bursts as shown by
model channels [3,4]. This striking intermittency of water
permeation changes dramatically with r and/or L, leading
to a strongly reduced rate of occupancy of the channel by
water molecules [20].
Experimental evidence for a reduced occupancy was
provided by the lack of proportionality between pf and148101=N [7] or 1=N  1 [18]. Both predictions resulted from
the assumptions that the pores were constantly completely
filled with water molecules (N  n) [7] or that there was at
most one vacancy in the pore (n  N  1) [18]. At least
for the very short MDg and MNg channels, both the clas-
sical continuous description [7] or the kinetic formalism
[18] failed to predict the experimentally determined pf.
A comparison with pf values of other single file chan-
nels with known N indicates that the exponential depen-
dence of DW on N is a general feature (Fig. 5). Two groups
of channels may be distinguished: (i) completely un-
charged pores and (ii) pores with charged residues lining
the wall. Both groups converge at the bacterial potassium
channel KcsA, which directs 20 oxygen atoms toward the
center of selectivity filter, and each oxygen atom is asso-
ciated with a partial negative charge [21]. It is important to
note that in all cases pure water flow is considered. The
experimental conditions have been chosen such that almost
all nanopores contained only water. The rare cases when an
ion entered the pore may be neglected. This also holds for
the aquaporins, which are generally impermeable to ions
[22,23] and also for KcsA that exhibits fast water flow only
if there is no ion in the channel [10]. Thus, if intermittency
of single file permeation is the reason for the reduced
channel occupancy, this intermittency is not gated by1-3

















FIG. 5 (color online). Along with gA [15], MNg, MDg, des-
formylgramicdin [16], the human aquaporin-1 [36–38], the plant
aquaporin nodulin 26 [11] and the bacterial potassium channel
KcsA [10] are plotted. The gray area indicates DW % water bulk
mobility (for one-dimensional diffusion 7:2 105 cm2 s1).
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permeation through wider pores that in silico was altered
by the presence of an ion inside the channel [24,25].
Similarly, this intermittency cannot be mediated by elec-
trostrictive behavior of water [26] because the requirement
for a strong electric field contrasts (i) with the short
circuited conditions we used for our water flow experi-
ments and (ii) with the small size of the transmembrane
gradient of the permeant ion (the polarization of K is
comparable the one of Ca2 shown in Fig. 3).
In single file transport liquid-vapor oscillations have
been visualized by simulations of carbon nanotubes only
[3]. Whether they occur in proteinaceous channels as well
remains to be shown. One of their major features, the
reduced occupancy of the nanopores, has now been derived
from the steep dependence of pf on N. If full occupancy is
assumed or if the number of vacancies is limited to one, the
effect of N on pf has to be much weaker. Remarkably, the
reduction of just two water positions resulted in an increase
in water mobility of over 1 order of magnitude.
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